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Our work is based on the collision-induced coherence of two decay channels along two optical
transitions.The quantum interference of pumping processes creates the dark state and the more
atoms are pumped in this collision-induced dark state the stronger the suppression of the sponta-
neous emission. The efficiency of this suppression is quantified by putting it in comparison with the
spontaneous emission on the ultraviolet transition which proceeds in a regular fashion. The branch-
ing ratio of these two(visible and ultraviolet) transitions is introduced as the effective measure of
the degree of the suppression of the spontaneous emission on the visible transition. Our preliminary
calculations show that a significant decrease of the branching ratio with increase of electron densities
is reproduced in the theory.
PACS numbers: 42.50.Gy, 42.65.-k, 32.80.Qk
I. INTRODUCTION
An excited free atom decays into a vacuum emitting spa-
tially isotropic radiation in the spectrum of frequencies which
has Lorentzian shape with a bandwidth proportional to the
Einstein A coefficient[1].The decay rate is a combination of
fundamental atomic constants and strongly resistant to a
modification.However,such modifications are possible for in-
stance of the strongly confined atom[2]. The rate is enhanced
or suppressed through the modification of the density of
electromagnetic modes in the neighborhood of the resonant
frequency[3]-[5]. Using a three-level atom driven by coherent
fields is another way to control the spontaneous emission [6]
and observe narrowing of spectral linewidth compared to the
natural linewidth[7, 8]. Four-level driven atomic configura-
tions offer yet another level of control allowing, for example,
spectral line elimination and full spontaneous emission can-
celation [9, 10].
The topic of above-mentioned studies has been focused on
individual transitions in atoms and addressed the modifica-
tion of one or another rate of spontaneous radiative decay. A
number of studies consider more involved schemes character-
ized by correlated emission simultaneously from two atomic
upper levels. Such type of interference of decay channels has
been exploited, for instance, by Harris in his proposal of las-
ing without inversion in [11]. In contrast to most studies, we
consider not the direct interference of decay channels, but
rather the interference of incoherent pumping rates (namely,
collision-induced interference). In its turn, this interference
induces the correlation in spontaneous emission. We propose
using branching ratio R as the measure of this correlation.
The term branching ratio here stands for the ratio of two
spontaneous decay rates from two upper levels |a〉 and |b〉 to
two lower levels |c〉 and |d〉 in a five-level atom of Fig.1:
R =
γvis
γUV
(1)
where for definition we formulate the branching ratio in
terms of decay rates on visible, γvis, and ultraviolet,γUV ,
transitions. Here, we refer to particular transitions in order
to keep a close link to the previous experiments on measure-
ments of changes of branching ratios. These experiments
were performed in plasmas in Princeton by Suckewer and
coworkers [12]. They serve as the main motivation and ref-
erence point of our study, although our results are applicable
to more general schemes.
The branching ratio is closely related to total spectral-
line intensities (in photons) for the two transitions, Ivis and
IUV . This relation is simply the consequence of the fact that
the intensities are proportional to corresponding decay rates
(for schemes considered so far): Ivis ∝ γvis and IUV ∝ γUV .
In fact, this proportionality allows us to consider the inten-
sity as alternative operational definition of the decay rate
which differs from the pure decay rate by a factor. The ac-
cess to this factor can be, however, a difficult experimental
task. This potential experimental problem disappears when
we consider the branching ratio. In those cases where the ra-
diation is emitted from same level(s) the factors are the same
for both transitions and therefore cancels out in the ratio in
Eq. (1). So, the operational definition of the branching ratio
can be introduced as
R =
Ivis
IUV
(2)
Moreover, for some cases, including ours, the operational
definition in Eq. (2) is very natural and probably the only
2possible definition. The problem is that we consider simul-
taneous decay along two (visible) transitions. This decay is
characterized by more than one decay rate. This problem
does not appear for the ultraviolet radiation, the decay of
which happens along one transition and is therefore charac-
terized by a single decay rate. However, we cannot formulate
the branching ratio in the form of Eq. (1); and instead, we
characterize the spontaneous emission process by the opera-
tional definition given by Eq. (2).
For optically thin samples and decays from common up-
per level, the equality between two definitions Eqs. (1) and
(2), i.e. the equality between the ratio of line intensities
and the ratio of the corresponding decay rates, points to the
way of measurements of decay rates. Thus, from measure-
ments of the intensity ratio of two lines, the ratio R and
one of the spontaneous decay rates can be deduced knowing
the other. Such spectroscopic technique is rather popular in
plasma physics. Particularly attractive is the fact that the
branching ratio is as immune to environmental conditions as
the decay rate is. For instance, the ratio does not depend on
the electron density and temperature. In the experiments of
[12], it is reported that for some transitions the branching
ratio becomes the function of density (concentration). They
interpreted this observation as quenching of spontaneous-
emission coefficients for visible transitions. Our study is
devoted to formulation of the problem in quantum-optical
terms, and our model is based on the five-level scheme (see
Fig. 1), and the effect is caused by collision-induced quan-
tum coherence between two upper levels.
The best way to formulate our main result is to compare
two cases. The first one corresponds to no coherence be-
tween upper levels a and b. Then, the branching ratio for
visible and ultraviolet transition found from the operational
definition (2) reads
R = 2
γvis
γUV
(3)
as found in the following sections. Here the difference in
the factor of two from original definition (1) arises due to
doubling the visible decay rate (here γa = γb ≡ γvis) by tak-
ing into account decays from both upper levels (with equal
rates). In contrast, the rate on the ultraviolet transition is
not doubled because the spontaneous decay originates from
single level a. Apart from this factor, the equation (3) stands
in line with regular expectations. In particular, this result
is unable to explain the concentration dependence of R re-
ported in [12].
The second case realizes when the (maximal) coherence
between levels a and b is induced by electron collisions.
Then, as we shall show in the following sections, the branch-
ing ratio under steady-state conditions is given by
R = γvis
(
4
re
+
1
rvis
)
=
γvis
N
√
piM
kT
(
2e
Ee
kT
ke
+
e
Ea
kT
2kvis
)
(4)
where, for simplicity, the result is evaluated in the limit of
large pumping rates: rvis, re ≫ γvis, γUV ; and ki is the ap-
propriate cross-sections of electronic excitation. Since all in-
volved pumping rates depend on the electron concentration,
>|e
>|a >
|b
>|c
>|d
re
ra rb
rUV
e
e
a b
UV
FIG. 1: Five-level configuration of working levels. Here γa and γb
are spontaneous decay rates and ra and rb are collision-assisted
pumping rates. The |a〉 ↔ |d〉 is the ultraviolet transition with
the spontaneous emission rate γUV . re is the pumping rate to
state |e〉, γe is simultaneous equal decay rates to states |a〉 and
|b〉. The rate rd serves to close the system.
the branching ratio also becomes concentration-dependent.
The higher the concentration the faster the pumping rates
and therefore the lower the branching ratio. This relation im-
plies quenching of spontaneous emission on the visible tran-
sition.
In the following sections we show that the effect of quench-
ing is explained by creation of the collision-induced (i.e. in-
duced by pumping rate rvis) dark state as a linear combina-
tion of upper states a and b. By formulating the branching
ratio R, all common dependencies cancel out and only the
purified asymmetry of responses on the visible and ultravi-
olet transitions is left. Here, the branching ratio shows up
as a valuable measure of the coherence-induced quenching of
spontaneous emission on the visible transition.
II. BASIC SET OF EQUATIONS
We study the set of equations of motion governing tempo-
ral evolution of the density matrix elements for the five-level
scheme shown in Fig. 1. The key ingredient of this scheme is
the three-level V -type system consisting of two upper states
|a〉, |b〉 connected to the lower state |c〉 by dipole allowed
transitions. We first consider this three-level subsystem and
then add two states |d〉 and |e〉. We assume that two transi-
tions |a〉 − |c〉 and |b〉 − |c〉 have close transition frequencies
and therefore upper states decay to same continuum of vac-
uum modes with decay constants γa and γb. These constants
as well as details of the decay process follow from the Hamil-
tonian
Vγ = ~
∑
k
g
(a)
k e
i(ωac−νk)t|a〉〈c|aˆk
+ ~
∑
k
g
(b)
k e
i(ωbc−νk)t|b〉〈c|aˆk +H.c.
(5)
3describing interaction between the atom and the reservoir of
vacuum oscillators, each of frequency νk (k here represents
both the momentum and polarization of the vacuum mode).
Here g
(a,b)
k are the coupling constants between the k-th vac-
uum mode and the atomic transitions from |a〉 and |b〉 to |c〉.
aˆk(aˆ
†
k) is the annihilation (creation) operator of a photon in
the k-th vacuum mode, which obeys conventional bosonic
commutation rule [aˆk, aˆ
†
k] = δkk′ .
Electron collisions transfer atoms (also ions as in the
plasma experiments in Ref. [12]) between states in the man-
ner very much like that in the process of interaction with an
optical field. As a consequence, the Hamiltonian appears in
a similar form, as
VR = ℘acΩ|a〉〈c|+ ℘bcΩ|b〉〈c|+H.c. (6)
In contrast to coherent optical fields, individual collisional
events are not correlated with each other and therefore the
effective field Ω is incoherent. Note that spectrum of this
incoherent field is very broad so that it covers both upper
levels simultaneously, and therefore one and the same field
drives both transitions. These transitions are characterized
by dipole matrix elements ℘ac and ℘bc and transition fre-
quencies ωac and ωbc. The incoherent field has δ-like corre-
lations at different times, i.e.,
〈Ω∗(t)Ω(t′)〉 ∝ δ(t− t′) (7)
These correlations are not expected to cover the entire range
of frequencies from −∞ to +∞. It is sufficient that they
are at least approximately valid in the vicinity of both res-
onances and cover the frequency separation of two upper
levels.
The total interaction picture Hamiltonian for the three-
level subsystem is the sum of two terms introduced above,
H = Vγ + VR (8)
Derivation of equations of motion for the density matrix ele-
ments from the total Hamiltonian is a straightforward task.
It is based on the scheme well developed in quantum op-
tics, see for instance [13], where main ingredients are the
Wigner-Weisskopf approximation and the generalized reser-
voir theory [14]. More details, particularly on the system
under consideration, can be found in our paper [15]. With
this reference to prior works we skip the derivation and jump
directly to the equations of motion. They read
ρ˙aa = −(ra + γa)ρaa + raρcc − 1
2
p
√
rarb(ρba + ρab) (9)
ρ˙bb = −(rb + γb)ρbb + rbρcc − 1
2
p
√
rarb(ρba + ρab) (10)
ρ˙cc = (ra + γa)ρaa + (rb + γb)ρbb − (ra + rb)ρcc (11)
+ p
√
rarb(ρba + ρab) (12)
ρ˙ab = −1
2
(ra + rb + γa + γb)ρab − i∆ρab (13)
+
1
2
p
√
rarb(2ρcc − ρaa − ρbb) (14)
ρ˙ca = −1
2
(2ra + rb + γa)ρca − 1
2
p
√
rarbρcb (15)
ρ˙cb = −1
2
(2rb + ra + γb)ρcb − 1
2
p
√
rarbρca (16)
Here ra,b ≡ 2(℘2ac,bc/~2)R are pumping rates of atoms to
upper states |a〉 and |b〉 induced by collisions with electrons,
see Fig. 1. Detuning ∆ = ωac − ωbc is supposed to be small
as compared to the optical frequency and should be of the
order of pumping rates ra or rb or less in order to make
quantum interference effects observable.
Terms containing products of pumping rates appear due
to the interference of two optical transitions which is induced
by collisions with electrons. These terms are central to our
discussion. In order to emphasize the role of this collision-
induced interference, we assume that decay channels do not
interfere. The interference terms are accompanied by the
p factor. This factor is the normalized scalar product of
corresponding dipole matrix elements:
p =
℘ac · ℘bc
|℘ac℘bc| (17)
According to its definition, the alignment factor takes the
value equal to 1 for parallel dipole moments, −1 for antipar-
allel, and 0 for orthogonal. Intermediate values on [−1, 1]
segment are also possible. Maximal coherence corresponds
to parallel or antiparallel dipole moments, while zero coher-
ence corresponds to orthogonal dipole moments. These two
extremes of maximal and minimal coherence deserve special
attention.
It is not difficult to proceed with modeling the system
shown in Fig. 1 and supplement the three-level subsystem
with two additional levels. For further considerations we
shall need only equations for populations and one equation
for the polarization on |a〉 − |d〉 transition. The upper state
|e〉 is subject to decay with rate γe and pumping from state
|c〉 by electronic collisions with rate re. So, for the population
we immediately obtain
ρ˙ee = re(ρcc − ρee)− 2γeρee (18)
Of course, we could derive this equation from first princi-
ples by writing the Hamiltonian of interaction of the atom
with the continuum of quantum oscillators to model the
decay and interaction with the incoherent electron field to
model the pumping process. Since no interference effects are
expected on this transition, this derivation is no more than
4a trivial exercise. The intuitive appearance of this equation
stays in contrast to the detailed consideration of the V -type
subsystem where the nontrivial appearance of interference
terms requires cautious analysis.
Similar equation can be written for the lowest state of the
system, |d〉. Here the decay with rate γUV from |a〉 state
pumps the |d〉 state. The electron pumping is modeled by
rate rUV . So, in accordance with the picture in Fig. 1 we
write
ρ˙dd = rUV (ρcc − ρdd) + γUV ρaa (19)
We now complete the set of equations by writing the equa-
tion of motion for the polarization on |a〉 − |d〉 transition:
ρ˙ad = −1
2
(γUV + rUV )ρad (20)
We can also write down equations of motion for the other
polarizations involving states |e〉−|d〉. However, we do not do
this because these equations are not used in further analysis.
For more general considerations, if necessary, they can be
composed by following directly the picture in Fig.1. Note
that no interference terms appear.
To complete the model we should account for decays and
pumpings between the V -subsystem and |d〉 and |e〉 states.
The subset of equations (9)-(16) are modified in the follow-
ing way. There is one incoming term for the population of
|b〉 state: +γeρee. One incoming and one outcoming term for
ρaa : +γeρee and −γUV ρaa. For ρcc we get two additional
pumping terms, +re(ρee − ρcc) and +rUV (ρdd − ρcc). The
equation of motion for the two-photon coherence ρab should
be supplemented with decay term 12γUV ρab. One-photon po-
larization ρac also decays faster due to additional decay term
1
2 (re + rUV + γUV )ρac. Finally, in the equation for ρbc we
should also write additional decay term 12 (re + rUV )ρbc. In
the next section we summarize all these changes and after
implementing a few simplified assumptions write down mod-
ified equations.
III. DRESSED-STATE ANALYSIS
We consider properties of the V-type subsystem |a〉−|b〉−
|c〉 in the dressed-state picture. We assume equal dipole mo-
ments on |a〉−|c〉 and |b〉−|c〉 transitions for simplifications:
℘ac = ℘bc. This assumption immediately yields the equality
of decay constants: γa = γb. We also get equal pumping
rates, ra = rb. Also, let the two transitions have equal fre-
quencies, so that two-photon detuning ∆ is zero.
The upper level |e〉 is auxilary with respect to the rest
of the system. It serves to model the external pumping
of two upper levels of the V -subsystem. In plasmas this
pumping is due to thermal redistribution of population from
all levels which are higher with respect to |a〉 and |b〉. In
order to accurately account for details of this process we
would have to consider a particular level scheme for a given
atom/ion. However, our immediate goal is not the one-to-
one description of a particular experiment but rather the
proof-of-principle theoretical study of relevant coherent ef-
fects. Guided by simplicity we eliminate level |e〉 from our
five-level scheme. For that purpose, we assume fast decay
rate γe with respect to pumping rate re. Then, from the
equation (18) we can write for the population ρee in steady-
state:
ρee ≈ re
γe
ρcc (21)
With these simplifications in effect and additional terms
from the discussion in the end of the previous section, equa-
tions (9)-(16) for the V -subsystem become
ρ˙aa = −(rvis + γvis + γUV )ρaa + (rvis + re
2
)ρcc − prvisρab
(22)
ρ˙bb = −(rvis + γvis)ρbb + (rvis + re
2
)ρcc − prvisρab (23)
ρ˙cc =(rvis + γvis)(ρaa + ρbb)− (2rvis + re + rUV )ρcc
+ 2prvisρab + rUV ρdd
(24)
ρ˙ab = −(rvis+γvis+ γUV
2
)ρab+
1
2
prvis(2ρcc−ρaa−ρbb) (25)
with new notations: γa = γb ≡ γvis and ra = rb ≡ rvis. Here
we write down only equations relevant for the study in this
section. Equations for one-photon polarizations ρca and ρcb
will be considered in the next section.
Coherent effects in the V-subsystem appear due to the in-
terference of pumping channels along |a〉 − |c〉 and |b〉 − |c〉
transitions. Actually, it is the same (incoherent) pumping
process that drives both transitions. Here, the pumping
field dresses atomic states |a〉 and |b〉 yielding the collision-
induced dark state and its orthogonal partner-bright state
with equal dipole moments ra = rb.
|D〉 = 1√
2
(|a〉 − |b〉) (26)
|B〉 = 1√
2
(|a〉+ |b〉) (27)
The equations of motion in terms of the dressed variables
requires introduction of corresponding density matrix ele-
ments. They are
ρDD =
1
2
(ρaa + ρbb − 2ρab) (28)
ρBB =
1
2
(ρaa + ρbb + 2ρab) (29)
ρDB =
1
2
(ρaa − ρbb) (30)
Given equations of motion in bare-states basis (22)-(25),
and dressed-states definitions (28)-(30) for the density ma-
trix elements, we reformulate these equations as
ρ˙DD = −γvisρDD − γUV
2
(ρDD + ρDB) + reρcc (31)
ρ˙BB = −(2rvis+γvis)ρBB− γUV
2
(ρBB+ρDB)+(2rvis+re)ρcc
(32)
5ρ˙DB = −(rvis+γvis+ γUV
2
)ρDB− 1
4
γUV (ρDD+ρBB) (33)
Our ultimate goal is the comparison of intensities of spon-
taneous emissions on the visible transition and on the ul-
traviolet transition. As we shall derive in the next section,
these intensities are linearly proportional to the population
of |B〉 state and |a〉 state, correspondingly. Both these popu-
lations can be obtained from the solution of equations (31)-
(33) and inverted conversion formulas (28)-(30). It is not
difficult to obtain exact steady-state solutions for all three
dressed-states density matrix elements in above equations.
However, we prefer to make yet another simplification in or-
der to bring physics in the clearest possible form.
We assume that pumping rates are much faster than de-
cay processes, particularly faster than the fastest decay rate
γUV . Note that the spontaneous emission rate γUV is two
orders of magnitude greater than decay rate γvis on the vis-
ible transition. Clearly, this difference is attributed to the
cubic dependence of spontaneous decay rates on the transi-
tion frequency. In its turn, the high efficiency of pumping
processes arises from frequent collisions of ions with free elec-
trons (note that the electron concentration Ne exceeds the
value of 1018cm−3). Finally, we formulate our assumption
in the form of strong inequality
rvis, re ≫ γUV , γvis (34)
This inequality is the key to understanding the effect of
suppression of spontaneous emission on the visible transition.
This understanding comes from the analysis of the equation
(31). We shall see that more atoms in the dark state makes
the emission weaker. The first two terms in equation (31)
stand for the depletion of the dark state and are therefore
undesirable for our purposes. [Note that steady-state polar-
ization ρDB contributes as little as (γUV /rvis)ρDD.] This
depletion is counterbalanced by the gain associated with the
last term. The large value of this term requires fast pumping
rate that is guaranteed by inequality (34).
With inequality (34) we get approximate solutions of equa-
tions (31)-(33). They are
ρDD ≈ re
γUV
ρcc (35)
ρBB ≈ (1 + re
4rvis
)ρcc (36)
ρDB ≈ re
rvis
ρcc (37)
where we also used γUV ≫ γvis. All these solutions are
expressed in terms of ρcc which remains unknown quantity
until we solve all equations of motion for the closed five-
level system. However, the explicit knowledge of ρcc is not
necessary for our study.
Solution (35) shows that the dark state is populated only
due to the pumping via auxiliary upper state |e〉. By com-
paring solutions given by formulas (35) and (36) and using
inequality (34), we conclude that ρDD ≫ ρBB, so that the
population of upper states |a〉 and |b〉 is dominantly concen-
trated in the dark state. This asymmetry means that most
atoms are trapped in the non-emitting state |D〉. As we shall
see shortly, the spontaneous emission on the visible transi-
tion is proportional to ρBB; and therefore basing on the just
derived strong inequality ρDD ≫ γBB, we conclude that
the emission is strongly suppressed. This suppression is to
be put in comparison with the regular (unsuppressed) emis-
sion on the ultraviolet transition, which is regulated by the
amount of population in the |a〉 state. Overall, the degree of
suppression is quantitatively estimated by the corresponding
branching ratio, as the ratio of two emissions, see Eq. (2)
and derivations in the next section.
The population of the |a〉 state as well as ρbb and ρab can
be found by inverting definitions (28)-(30). So, in terms of
bare states we get
ρaa =
1
2
(ρBB + ρDD + 2ρDB) ≈ re
2γUV
ρcc (38)
ρbb =
1
2
(ρBB + ρDD − 2ρDB) ≈ re
2γUV
ρcc (39)
ρab =
1
2
(ρBB − ρDD) ≈ − re
2γUV
ρcc (40)
This state is the state of maximal coherence in the sense that
|ρab| ≈ √ρaaρbb. This coherence is of collisional nature and
its high degree is the reflection of the high efficiency of the
pumping mechanism (rvis).
IV. SPONTANEOUS EMISSION SPECTRA
We calculate the spectrum Svis(ω) of spontaneously emit-
ted photons on the visible transition, i.e. through |a〉 − |c〉
and |b〉−|c〉 channels. Then, we similarly calculate the ultra-
violet spectrum SUV (ω) of photons emitted in the |a〉 − |d〉
channel. Integrating these two spectra over the frequencies
in the vicinity of the corresponding emission peaks and nor-
malizing to the energy of one photon, we thus obtain two
spectral-line intensities
Ivis = (~ωvis)
−1
∫
dωSvis(ω) (41)
IUV = (~ωUV )
−1
∫
dωSvis(ω) (42)
In the case of three levels the calculation procedure quickly
becomes cumbersome and requires numerical analysis on the
final stage[16]. In our case the system is driven by an inco-
herent field that makes the situation a little simpler. Fur-
thermore, applying the so far discussed approximations and
simplifications, we can make the problem even analytically
tractable with transparent final result. We even bypass the
direct application of the quantum regression theorem.
First, we take the definition of the spectrum (valid for sta-
tionary processes) as the Fourier transform of the autocor-
relation function of the second order of the scattered electric
field:
S(ω) =
1
pi
Re
∫ ∞
0
dτe−iωτ 〈E−(r, t) · E+(r, t+ τ)〉 (43)
6This autocorrelation function is simply related to the
normally-ordered product of polarizations taken at instants
of time separated by a positive time delay τ . This relation-
ship follows from the well-known formula
E+(r, t) = − ω
2
0
4piε0c2r
n× (n× d)P(+)(t− r/c) (44)
connecting the electric field E(+) with polarization P(+).
Here, n is the unit vector in the direction of observation, d
is the unit vector along the atomic dipole moment, r is the
observation point, measured from the position of the atom,
and ω0 is the polarization frequency. More details can be
found, for instance in Ref. [16]. The resultant formulas are
Svis(ω) =
Cω4vis
pi
Re
∫ ∞
0
dτe−iωτ 〈P−vis(t) · P+vis(t+ τ)〉
(45)
SUV (ω) =
Cω4UV
pi
Re
∫ ∞
0
dτe−iωτ 〈P−UV (t) · P+UV (t+ τ)〉
(46)
Here C is an unimportant constant, same for both tran-
sitions. P
(−)
vis and P
(+)
vis (P
(−)
UV and P
(+)
UV ) are negative and
positive frequency parts of the polarization induced on the
visible(ultraviolet) transition. According to our scheme they
are defined as
P−vis(t) = ℘acσac(t) + ℘bcσbc(t) (47)
P+vis(t+ τ) = ℘caσca(t+ τ) + ℘cbσcb(t+ τ) (48)
Similarly we define the negative- and positive-frequency
parts of the polarization on the ultraviolet transition:
P−UV (t) = ℘adσad(t) (49)
P+UV (t+ τ) = ℘daσda(t+ τ) (50)
In the following we assume ℘ac = ℘ca = ℘bc = ℘cb and
℘ad = ℘da.
Operators of atomic transitions σij are defined in usual
way: σij = |i〉〈j|. They are particularly relevant for the
calculation of multi-time correlation functions. Note that
these quantities are quantum-mechanical operators. Their
quantum-mechanical average has simple relation to the ele-
ments of the density matrix, namely
〈σij(t)〉 = Tr[U+(t)σij(0)U(t)ρ(0)]
= Tr[σij(0)U(t)ρ(0)U
+(t)]
= Tr[σij(0)ρ(t)]
(51)
Since we need to calculate two-time correlation functions,
it is instructive to write down equations of motion for rele-
vant operators and then find solutions to the initial-value
problem. The form of these equations coincide with the
equations of motion for respective density matrix elements.
This can be checked by direct derivation from the Heisen-
berg equation of motion with the Hamiltonian [8]. Thus we
get
σac = −1
2
(3rvis + rUV + re + γvis + γUV )σac − 1
2
rvisσbc
(52)
σbc = −1
2
(3rvis + rUV + re + γvis)σbc − 1
2
rvisσac (53)
σad = −1
2
(rvis + rUV + re + γvis + γUV )σad (54)
endalign where we used the assumption ra = rb ≡ rvis. Note
that σji = σ
†
ij and the equations of motion for the conjugate
operators arise by taking the Hermite conjugate of the right-
hand sides of Eqs. (52)-(54). The above equations form the
closed system and allow simple solutions. These solutions
acquire even simpler form when we apply our key inequality
(34). Thus, for the quantities of interest we get
σca(t+ τ) + σcb(t+ τ) = e
− 1
2
r0τ [σca(t) + σcb(t)] (55)
σda(t+ τ) = e
− 1
2
(rUV +rvis)τσda(t) (56)
where r0 ≡ (2rvis + rUV + re).
Everything is ready for the formulation of the desired re-
sult. After substituting solution (55) in the expression (48)
and correspondingly (56) in (50), the two-time correlation
functions of the polarizations read
〈P−vis(t) · P+vis(t+ τ)〉 = ℘2ace−r0τ
× 〈σaa(t) + σbb(t) + σab(t) + σba(t)〉
(57)
〈P−UV (t) · P+UV (t+ τ)〉 = ℘2ade−(rUV +rvis)τ 〈σaa(t)〉 (58)
The Fourier transform of the above expressions converts
the exponential decays in time to the Lorentzian spectra in
frequency:
Svis(ω) =
Cω2vis℘
2
ac
pi
r0
ω2 + r20
2ρBB(t) (59)
SUV (ω) =
Cω2UV ℘
2
ad
pi
rUV + rvis
ω2 + (rUV + rvis)2
ρaa(t) (60)
Here we take only the real part of the integral and use the
rule (51) for calculating quantum-mechanical averages, and
also the definition of the population of the bright state (29).
Note also the equality ρab = ρba valid for the zero value of
the two-photon detuning, which is the case considered here.
Note here that it may seem that the thus obtained spectra
can, in principle, become a function of time, copying the time
dependence of populations ρBB and ρaa. This dependence is
a signature of a nonstationary process. Therefore the spec-
trum of these solutions is to be defined not by Eq. (43) but
with the more general formula which is derived and discussed
for instance in Ref. [13]. However, in our case the interest
is in stationary emission corresponding to steady-state solu-
tions for ρBB and ρaa. Therefore, ρBB and ρaa become time
7independent. In Fourier space they are simply two station-
ary Lorentzian peaks. Spectral-line intensities follow as the
frequency integral over these peaks:
Ivis = ~
−1Cω3vis℘
2
ac2ρBB (61)
IUV = ~
−1Cω3UV ℘
2
adρaa (62)
The branching ratio is the ratio of two above quantities,
as regulated by definition (2):
R =
γvis
γUV
2ρBB
ρaa
(63)
where we used the definition of the spontaneous decay con-
stant
γvis =
1
4piε0
4ω3vis℘
2
ac
3~c3
(64)
and similar formula for the ultraviolet transition, and can-
celed out common prefactors.
This ratio is the main formula of our chapter. It re-
flects the role of coherent effects in the spontaneous emis-
sion along the visible transition. A small population in the
bright state on the background of relatively strongly pop-
ulated |a〉 state implies the suppression of the spontaneous
decay. Such asymmetry becomes possible only when the co-
herence ρab between the two upper states |a〉 and |b〉 acquires
an appreciable value. Here, the coherence is induced by colli-
sions and its large value is guaranteed by the inequality (34),
which means that decay processes destroying the coherence
are of little importance. Quantitatively, the degree of the
suppression is related to the value of R in absence of the
interference terms which becomes simply the double ratio of
decay constants, as we show below.
V. SUPPRESSION OF THE SPONTANEOUS
DECAY
The branching ratio given by Eq. (63) is now the subject
of the analysis with respect to the experimental observations
in Ref. [12]. First of all we use steady-state values of pop-
ulations given by solutions (36) and (38) in Eq. (63) and
obtain
R = γvis
(
4
re
+
1
rvis
)
(65)
The common factor ρcc has been canceled out. According
to the experimental observations in Ref. [12], the branching
ratio was measured as the function of electron density. One
order of magnitude increase in the electron density resulted
in one order of magnitude decrease in the branching ratio.
Let us see how such dependence emerges from the above
equation.
The decay constant γvis depends nontrivially on the fre-
quency and the dipole moment, see Eq. (64). Within the
range of change of the experimental conditions, no depen-
dence of the transition frequency (i.e., no line shift) on elec-
tron density was found. Some theoretical efforts were made
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FIG. 2: The dependence of the branching ratio on logarithm of
electron density. γuv = 0.1γvis,γuv = γvis,γuv = 5γvis.
in Ref. [17] to take into account the effect of the screening
of the atomic potential by the surrounding plasma. This ef-
fect can, in principle, modify the Coulomb field experienced
by the valence electron and, thus, significantly change the
transition probability (i.e. dipole moment). However, this
change becomes of an appreciable value only for concentra-
tions much higher than that used in the experiment. So, we
conclude that no change takes place in the value of γvis when
concentration varies.
The observed changes of the branching ratio R in Ref.
8[12] can be attributed mainly to the dependence of colli-
sional rates re and rvis (and, of course rUV ) on the density
of free electrons. Apparently the higher the density the more
frequently the collision events occur and therefore the larger
the rates. More precisely, we assume linear dependence of
the collisional rates on the concentration (ri ∝ N) and write
for a constant electron temperature
ri(N) = kiN (66)
where i = e, vis, UV , and ki is the proportionality coefficient.
Typical range of concentrations where the effect occurs cov-
ers the region 1018−1019cm−3. Applying dependences given
by Eq. (66) to Eq. (65), we perform simulation and present
obtained results in Fig. 2. We thus illustrate main result of
our study - the sensitive dependence of the branching ratio
on the concentration. The range of the change is of the same
order as was observed in the experiments.
For completeness we analyze the dependence of the colli-
sional rates (and therefore, the branching ratio) on the elec-
tron temperature of plasma. This dependence, even when
present, cannot be deduced from the experiments in Ref. [12]
where the electron temperature was estimated as constant
under operating conditions and equal to ≈ 5eV . However,
in the set of related experiments on measurements of the
branching ratio in high-density plasmas of CIII performed
in a later work in Ref. [18], the temperature varied consid-
erably and, therefore, we can expect a well pronounced de-
pendence of the branching ratio on the temperature. Thus
for the concentration 0.7 × 1018cm−3, the temperature was
5.7 eV; while for higher concentration 2.6 × 1018cm−3, the
temperature increased to 9.3eV .
It is instructive to analyze the simultaneous electron den-
sity and temperature dependences. Free electrons in plasmas
obey the classical Boltzmann distribution thus the number of
particles dN (in a unit volume) within the range of energies
E + dE yields
dN = N
2√
pi
1
(kT )3/2
e−
E
kT
√
EdE (67)
So, for collisional rates we can write
ri(N, T ) = 2Nki
√
2kT
piM
e−
Ei
kT (68)
where ki is a cross-section. Then the coefficient ki is given
by
ki = 2ki
√
2kT
piM
e−
Ei
kT (69)
The branching ratio was measured in Ref. [18] for five
concentration/temperature points.
VI. SIMULATION RESULTS
We have performed numerical simulation to demonstrate
the dependency of branch ratio on electron density. For pur-
poses of plasma diagnostics, we simulate the situation with
or without the coherent effects due to electron impacts, de-
pending on the relative orientation of the dipole moments of
optical and UV transitions.
Here we assume that γvis = 1, so that all the other
parameters are normalized by γvis. The collision-induced
incoherent pumping rates are dependent on electron den-
sity; here we use rUV = 0.001 × Ne, re = 0.1 × Ne, and
rv = 0.3 × Ne. We considered three different UV decay
rates with γUV = 0.1, 1, 5 to investigate the dependence of
branching ratio on electron density.
Fig.2.(a) corresponds to small UV decay rate γUV =
0.1γvis. Fig.2.(b,c) correspond to larger UV decay rate
γUV = 1, 5 respectively. In each figure, the top red curve
is for p = 1, the bottom blue curve is for p = −1, and the
dashed line is for p = 0.
Through these nine curves, we notice that, at large elec-
tron density, the dependence of the branching ratio on den-
sity for different p factors behave in a similar way and trend
to 0.5. In the special case with p = 0, this process gets to
limit much more quickly. It is also clear that with larger UV
decay rate, the dependence of the branching ratio on density
for different p factors also behaves very similarly, but at a
lower decay rate. At both sides of the extremely low or high
electron density, there clearly limits. Outside this range, the
electron density has no effect on the branching ratio.
Obvious conclusion from the comparison of curves is that
the increase of temperature greatly suppresses variations in
the branching ratio with concentration. The relatively small
slope of the curve could be the reason or one of the rea-
sons that yielded the very weak concentration dependence
and led the experimenters in Ref. [18] to the conclusion of
the absence of the dependence of the branching ratio on the
concentration.
We thus complete the comparison with the experiments.
On our way to the main result expressed by formula (65)
we made two important assumptions. One is the condition
of maximal coherence. The other is the domination of col-
lisional rates over all relevant decays, see Eq. (34). It is
instructive now to see what happens if we relax the first as-
sumption and consider the opposite case - the case of no
coherence. Simply set p factor to zero; that is equivalent to
setting ρab = 0 (at least in the steady-state). Given inequal-
ity (34), two upper states |a〉 and |b〉 are populated equally
in steady state. In the case of no coherence, the population
of the bright state is simply one half of the sum of ρaa and
ρbb. So, we get
ρaa ≈ ρBB ≈ (1 + re
2r
)ρcc (70)
With these solutions in Eq. (63), we finally obtain
R ≈ 2 γvis
γUV
(71)
for the branching ratio for the visible and ultraviolet transi-
tions in the case of no coherence between two upper states |a〉
and |b〉. This value is considerably larger than the branching
ratio obtained for the case of maximal coherence, see Eq.
(65). Moreover, this value does not depend on collisional
rates and therefore on concentration. The comparison of
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branching ratios calculated for these two cases demonstrates
the key role of coherence in interpreting experimental results
obtained in Ref. [12].
VII. ANALYTICAL SOLUTIONS
Analytical solutions can be derived from dynamical equa-
tions of population densities, ie Eq. (9-16).We obtain
ρd =
ruv + γuv
ruv
ρa = Rdaρa (72)
ρe =
re
re + 2γe
ρc = Recρc (73)
ρa = ρb (74)
ρab =
Prv
Γab
(ρc − ρa) (75)
where
Γab = rv + gv + guv/2 (76)
and
ρc = Rcaρa (77)
where we introduce
Rca =
2(rv + gv − P 2r2v/Γab)
2rv + re − reRec − 2P 2r2v/Γab
(78)
Here we can use the conservation of the electron number.
Suppose that the total number of electrons in all levels is
ρa + ρb + ρc + ρd + ρe = 1 (79)
Thus we get
ρa =
1
2 +Rca +Rda +RecRca
(80)
By exploiting the relationships of density between different
levels, we can find each level’s density.
It is known that the density of the bright state is defined
as
ρBB = ρa + ρb + 2ρab (81)
and the definition of the branch ratio is
R ≈ ρBB
ρa
(82)
By using all the results we have obtained, we finally get
the expression of the branch ratio
R = 2 +
2Prv
Γab
(2Rca − 1) (83)
It can be noticed that the branching ratio Limit, at low and
high electron densities is
R =
{
1 + 2 γvγUV Ne → 0
2 γvγUV Ne →∞
(84)
With no coherence excited by electron collisions, the ratio
is given by
R =
γv(γUV + 2(γv + rv))
γUV (γv + rv)
(85)
VIII. DISCUSSION
So far we discussed the suppression of spontaneous de-
cay on the visible transition. This suppression is due to the
two-photon coherence induced by the interference of collision
processes along two overlapping optical transitions |a〉 − |c〉
and |b〉 − |c〉. In order to quantify the degree of the sup-
pression we introduced the branching ratio as the ratio of
total spectral-line intensities for the two transitions. Here,
one transition is the visible transition (actually, simultane-
ously two transitions) of interest and the other transition is
the reference ultraviolet transition. This branching ratio cal-
culated for the case of maximal two-photon coherence, see
Eq. (65), is compared to the branching ratio evaluated for
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the case of no coherence, see Eq. (71). The degree of the
coherence-induced suppression can be deduced as the ratio
of these two branching ratios.
This study demonstrates the possibility of coherent effects
in plasmas, where the coherence is induced by the inter-
ference of incoherent processes. Here the collisions of free
electrons with ions represent these incoherent processes, and
they indeed happen rather frequently for concentrations as
high as 1018cm−3. When they dominate over relevant de-
cay rates, the two-photon coherence becomes of substantial
value that leads to efficient suppression of the spontaneous
emission on the visible transition. This suppression was reg-
istered experimentally and reported by Chung, Lemaire, and
Suckewer in Ref. [12]. Moreover, we are able to explain sen-
sitive dependence of the degree of suppression on concentra-
tion of free electrons. It is interesting that the dependence on
the concentration only appears due to the collision-induced
coherence and disappears in the absence of the coherence, as
comparing Eqs. (65) and (71) shows.
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